A recently improved ionic liquid force field was used to compute the viscosity for binary and ternary mixtures of 1-ethyl-3-methylimidazolium chloride ([emim][Cl]) with water, acetonitrile, and glucose. For the same systems, experimental viscosity data are provided. The simulation and experimental results were in reasonable agreement. Simulations consistently overestimate the viscosities for the mixtures of [emim][Cl] and glucose while the viscosities of the mixtures of glucose and water are well reproduced. Both experiments and simulations show that the addition of acetonitrile reduces the viscosity of a solution of [emim][Cl] and glucose by more than an order of magnitude.
Introduction
The conversion of lignocellulosic biomass to fuels is a subject of considerable contemporary interest, since it offers a potential means for reducing the world's dependence on fossil fuels and mitigating the net emission of CO 2 into the atmosphere. [1] [2] [3] The refractory character of lignocellulosic biomass, a mixture of lignin, cellulose, and hemicellulose, makes it difficult to process without initial pretreatment. Recent studies [4] [5] [6] [7] [8] have shown that all of the components of biomass are soluble in ionic liquids (ILs), salts that are liquid below 373 K and are green solvent candidates for a number of applications. [9] [10] [11] [12] [13] The viscosity of such solutions rises rapidly with biomass dissolution, making it difficult to pump such solutions and causing a reduction in mass transfer rates. As a consequence, there is an interest in understanding how the viscosity of ionic liquids change with the dissolution of carbohydrates and what can be done to reduce the viscosity of such solutions by the addition of a cosolvent.
A significant body of work has appeared recently on the modeling and simulation of the thermodynamic properties of ILs [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] and their mixtures. 24, 25 Efforts have also been undertaken to calculate the viscosity of ILs using equilibrium molecular dynamics simulations, [26] [27] [28] [29] nonequilibrium molecular dynamics methods such as periodic perturbation, 30 and reverse nonequilibrium molecular dynamics. 31, 32 For the most part, these studies have used force fields derived for the calculation of thermodynamics properties but not guaranteed to be correct for the simulation of dynamics properties. For example, Rey-Castro and Vega 27 have computed the viscosities of [emim] [Cl] based on a force field developed by Shim et al. 33 Their computed viscosities are at least an order of magnitude higher than experimental values at different temperatures although the correct Arrhenius relation was reproduced. Equilibrium MD simulations carried out by Bhargava and Balasubramanian on 1,3-dimethylimidazolium chloride ([mmim] [Cl]) at 425 K also resulted in a viscosity that was four times higher than experimental value. 26 To address this problem Liu et al. 34 have recently reviewed the subject of force fields used for simulating the dynamic properties of ILs and have proposed an improved united-atom force field for simulating the dynamic properties 
Model and Simulations Methods
The united-atom force field developed by Liu et al. 34 was used to describe [emim] [Cl]. The SPC/E model 35 was used to describe water. This model yields a computed viscosity of 0.67 cP at 300.2 K, 36 in good agreement with previous simulations, 37, 38 and a viscosity of 0.73 cP at 293 K. Our model for acetonitrile is based on the 3-site model 39, 40 with two additional bonded energy parameters, model A with k b,Me-C ) 469 kcal/(mol · Å 2 ) and k b,C-N ) 427 kcal/(mol · Å 2 ). Simulation of pure acetonitrile at room temperature gives a density of 791 kg/m 3 , which is within 1.9% of the experimental density of 776.7 kg/m. The computed viscosity for liquid acetonitrile at room temperature is 0.41 cP, which can be compared with the value of 0.35 cP obtained in previous simulation work 40 and an experimental measurement of 0.34 cP. 41 The glucose molecule was modeled by an all-atom optimized potential for liquid simulations (OPLS) force field for carbohydrates. 42 As both the OPLS glucose model and SPC/E model are consistent with the Amber-based ionic liquid force field of Liu et al, conventional Lorentz-Berthelot mixing rules were used for cross interactions. All simulation systems contained 200 [emim] [Cl] molecules. The number of water, acetonitrile, and glucose molecules varied depending on the specified molar fractions. All MD simulations were performed using LAMMPS 43 at 373 K except for the mixture of -glucose and water where simulations were run at 293 K. The time step was 2 fs and the SHAKE algorithm was employed to constrain bonds and angles involving hydrogen. The cutoff distance was 12 Å for both Lennard-Jones (LJ) and Coulombic interactions. Long-range tail corrections for both energy and pressure were applied. A particle-particle particle mesh solver with a precision of 10 -4 was employed to treat long-range electrostatic interactions. PACKMOL 44 was used to generate the initial state of the system in a large cubic box, followed by * To whom correspondence should be addressed. E-mail: (B.S.) berend-smit@berkeley.edu; (A.T.B.) bell@cchem.berkeley.edu.
an energy minimization run of 20 ps. The systems were first run for 2-4 ns in a NPT ensemble at 1 atm and at the specified temperature, followed by 2-40 ns NVT simulations to equilibrate the system before the actual 20 ns production run were carried out. Pressure tensor information was recorded at every time step. In computing time correlation function, we used the multiple-time-origin-average method 45 to improve the statistic of the viscosity computation the block-averaging method 46 to estimate the standard deviation in the results. Viscosities were determined using equilibrium molecular dynamics (via the Green Kubo formula 36, 47, 48 [Cl], 6 g was used for viscosity measurements, which were made using a Brookfield Engineering Viscometer (DV-II+ Pro). The temperature of the sample was selected and controlled by a Brookfield Thermosel and temperature controller, respectively. All the samples were measured using the RTD probe and SC4 spindle. The lowest possible shear rate (corresponding to a rotational speed of 3 rpm) was used in order to measure viscosities at close to zero shear rate, since the simulated viscosities were obtained at this condition. [Cl]-glucose-acetonitrile the error was -1 to -3 cP (depending upon the concentration of acetonitrile, i.e., the more acetonitrile the higher the error) since acetonitrile evaporates rapidly at the temperature of the experiments. The error is exclusively negative, since the viscosity decreases with higher concentration of acetonitrile. The accuracy of the viscometer was checked by using the reference liquid provided with the viscometer. Viscosities of the samples containing acetonitrile were measured rapidly once the required temperature had been reached to minimize the loss of acetonitrile due to evaporation. Since the boiling point of acetonitrile is 359 K, [emim] [Cl] and acetonitrile were mixed at 353 K and transferred into the RTD probe, which had been preheated to 373 K. This procedure gave 1 min for the mixture to reach 373 K (monitored by temperature sensor on viscometer) and for the measurement of the viscosity. After 1.5 min, the loss of acetonitrile was observed due to evaporation became significant. Figure 1 and Table 1 compare the computed viscosities for pure [emim] [Cl] with those measured in the present study and those reported earlier by Seddon et al. 49 While the computed viscosities are 20-50% higher than those observed experimentally, the predicted dependence of viscosity on temperature agrees closely with that observed experimentally.
Results and Discussion
A known experimental difficulty is that once exposed to the air, ILs can absorb water vapor, leading to a decrease in the viscosity of the IL. Figure 2 shows the computed viscosity for mixtures of [emim] [Cl] and water as a function of the mole fraction of water. Table 2 lists the simulated viscosity and density values along with the corresponding experimental data. As expected, the viscosity decreases as the water content increases, and a good agreement is seen between the computed and experimentally measured viscosities.
The influence of acetonitrile on the viscosity of ILs is important from a practical point of view. Figure 3 shows the experimental and computed viscosity values for the mixture of [emim] [Cl] and acetonitrile at different mole fractions of acetonitrile. Table 3 lists the corresponding viscosities and densities. Reference to Figure 3 and Table 3 shows that the experimentally measured viscosities are higher than those computed. The reason for this discrepancy could be the loss of acetonitrile due to evaporation. To minimize the influence of the possible loss of acetonitrile on the viscosity measurement for such mixtures, experiments were made with respect to measurement time and were extrapolated to zero time. It is noteworthy that if the maximum error limits (see Experimental Section) are subtracted from the experimentally observed viscosities, the experimental viscosities become lower than or equal to the computed viscosities. Figure 3 shows a fit of the experimental data to an empirical, cube-root formula proposed originally by Kendall and Monroe 50 for solutions of benzene and toluene with benzyl benzoate and ethyl benzoate In this equation η mix is the viscosity of the mixture, η 1 and η 2 are the viscosities of pure [emim] [Cl] and acetonitrile, respectively; and x 1 and x 2 and are the corresponding mole fractions. Since we were unable to measure the viscosity of pure acetonitrile at 373 K (acetonitrile boils at this temperature), we used the simulated value (0.214 cP) for η 2 in eq 1. Also shown in Figure 3 is a fit of the simulated viscosity to a logarithmic formula first proposed by Arrhenius [50] [51] [52] Both eqs 1 and 2 are empirical equations and are referred to as "ideal mixing" models in the literature, since they do not contain cross interaction parameters. 31 We notice that both computed and experimentally measured viscosities lie between the cube root mixing rule and the Arrhenius mixing law. It has been shown in the literature that mixing rules, such as eqs 1 and 2, are unable to properly describe the viscosity-composition relationship for complex systems such as mixtures of heavy oil and n-decane, 53 and we expect that such simple mixing rules will not hold for solutions involving ILs as well. Nevertheless, an exponential dependence of the viscosity of a solution of an IL with a low viscosity cosolvent has been observed previously. 54, 55 For example, Wang et al. 55 have reported measurements of the viscosity of mixtures of 1-n-butyl-3-methylimidazolium tetrafluoroborate ([bmim] [BF4]) with four small organic molecules including acetonitrile. It was found that all four cosolvents lowered the viscosity of the IL-co-solvent solution and followed a seemingly universal exponential relationship, η mix ) η 1 exp(-x 2 /a), in which a ) 0.216. If eq 2 is used to fit the data shown in Figure 3 Figure 3 reveals that the simulation data closely follow an exponential relationship well except for the last data point for liquid acetonitrile, which lies below the trend line.
In the context of carbohydrate processing, there is considerable practical interest in understanding the influence of dissolved carbohydrates on the viscosity of carbohydrate-IL solutions. A first step in this direction is to investigate the effect of dissolved glucose on the solution viscosity. As a check of the OPLS force field for carbohydrates, simulations were carried out for glucose-water mixtures at 293 K. The results are presented in Figure 4 and Table 4 . As can be seen, the agreement between the simulated and measured densities is excellent, the deviation amounting to only 0.3% on average. Since the SPC/E model of water estimates the viscosity of pure water as 0.73 cP, compared to the experimental value of 1 cP at 293 K, the computed viscosities for the mixtures are slightly smaller than experimental values. Overall, the computed viscosities match 
very well with the two sets of experimental measurements reported in the literature. 56, 57 These tests demonstrate that the density and viscosity of glucose-water solution are predicted well by the all-atom OPLS carbohydrate force field 42 in combination with the SPC/E model of water. Figure 5 and Table 5 compare the simulated and experimentally measured viscosities of solutions of glucose in [emim] [Cl] . The simulations consistently overestimate the viscosity for these mixtures. This is expected since even for pure [emim] [Cl] the current force field overestimate the viscosity of [emim] [Cl] by 20-50% as compared to those determined experimentally (see Figure 1) . Nevertheless, the simulations capture the qualitative trend observed experimentally that viscosity increases as glucose concentration increases.
In experiments, we found that adding 3 g CH 3 CN to the mixtures of 6 g [emim]
[Cl] and varying amount of glucoses lowered the viscosity of the mixtures by more than an order of magnitude. As shown in Figure 6 and Table 5 , the results of experiments and simulations agree well with each other, demonstrating that acetonitrile can be used to lower the viscosity of the solutions of glucose in ILs. Here too it was observed that the experimentally measured viscosity was higher than that computed, as was observed for [emim] [Cl]-acetonitrile mixtures ( Figure 3 and Table 3 ). The reason for the discrepancy could be the same, that is, loss of acetonitrile during the experiment. However, the difference between computed and experimental values is higher for lower glucose concentration and lower for higher glucose concentration. 
Conclusions

